ABSTRACT
Introduction
18 wt% Ni maraging steels based on iron-nickel martensite constitute a very important family of high strength steels. They distinguish themselves by demonstrating an unparalleled combination of high strength and high fracture toughness in heat treated condition and excellent hot and cold workability and weldability. Because of their high strength to weight ratio, they find extensive application in aerospace sector. Different grades of maraging steel are commercially available, covering the strength range of 1400 -2400 MPa. With increasing strength level, the tensile ductility and fracture toughness decrease. Accordingly the lower strength variants are used where high ductility and fracture toughness are important for design. The higher strength variants are used where high strength is of paramount importance for design and one can manage with moderate levels of fracture toughness. Titanium is used as the primary strengthening element in these steels; precipitation of titanium bearing intermetallic particles in martensitic matrix in a uniform and finely dispersed manner during aging leads to development of very high strength levels. Aging has to be optimally carried out to realize the maximum strengthening effect. The 1988 symposium [1] deliberated on important developments and applications of maraging steels and more recently the metallurgy of 18% Ni maraging steels has been reviewed by Rao [2] .
An important factor that has come in the way of extensive use of 18% Ni maraging steels is their high cost. Cobalt is an expensive alloying element and is present in the range of 8 to 12 wt% in these steels, contributing importantly to the cost. Accordingly efforts have been made to develop cobalt-free maraging steels with a comparable strength-fracture toughness combination. Cobalt-free maraging steel grades with strength levels covering the range 1400 -2000 MPa are now commercially available.
In addition to cobalt, the composition of 18% Ni maraging steel prominently includes nickel and molybdenum; these elements are also costly and present in substantial quantity in the steel. Thus they contribute significantly to the production cost of the steel.
With the levels of alloying elements in the middle / upper half of the specified range, material could be produced meeting the specified properties. An effort was made to contain the production cost of bar material by processing a batch of steel with the levels of the costly alloying elements -Co, Mo and Ni -in the lower half of the range allowed by the specification for chemical composition. The steel so produced has been evaluated and found to be not meeting the specification for tensile strength and yield strength. The paper gives the details of processing and evaluation of this batch and provides an explanation for the failure encountered in meeting the specified tensile properties.
Material
There was a requirement for 33 mm diameter bars of 18% Ni maraging steel grade conforming to Aerospace Materials Specification (AMS) 6512. The chemical composition of the steel as per this specification is given in Table 1 . The tensile properties specified in AMS 6512 for the bar material are given Table 2 . The maraging steel was produced by double vacuum melting -vacuum induction melting (VIM) followed by vacuum arc remelting (VAR). Scrap of 18 wt% Ni maraging steel was consolidated by melting in electric arc furnace. The liquid metal, at the end of arc furnace melting, was cast into a cylindrical electrode. The electrode material was subjected to electroslag remelting (ESR). The ESR processed material was then used as charge for vacuum induction melting. Small amounts of pure iron, molybdenum pellets, nickel shots and electrolytic cobalt were added to adjust the composition during vacuum induction melting. Standard practices for melting, refining and casting were followed for VIM processing. In order to explore the possibility for cutting down the raw material cost and in turn the production cost, while still conforming to the specification, one batch of the steel was processed through VIM with levels of the costly elements -Co, Mo and Ni -aimed in the lower half of the specified range for the respective elements. Detailed chemical analysis of the batch at this stage was carried out and the results are given in Table 3 . The molten metal was tapped in to a 480 mm diameter mould. The 480 mm φ electrode was conditioned and remelting was done in a VAR furnace to produce a 550 mm φ ingot.
The VAR ingot was subjected to hot working, comprising of hot forging in a press, hot forging in hammer and finally hot rolling to realize the material in the form 33 mm φ bars. Conditioning of the material during hot working was carried out as necessary. Detailed chemical analysis of the material was again carried out at the bar stage; the results were found to match with those obtained at VIM stage, except for a small drop in titanium level from 0.43 to 0.41 and aluminum level from 0.095 to 0.090.
Results
The 33 mmφ hot rolled bar material was taken up for heat treatment. The treatment comprised of two stages -(1) Soaking at 950℃ followed by forced air cooling and (2) Soaking at 820℃ followed by air cooling. Tensile properties were evaluated after carrying out aging of the material. The temperature used for aging was 485℃. The aging time normally adopted is 3 hours, but the specification allows aging time up to 6 hours. Aging for 1 3 2 hours resulted in the UTS and 0.2% PS values not meeting the specification. Aging was then continued and tensile properties evaluated after cumulative aging times of 6, 12 and 15 hours. There was steady improvement in both 0.2% PS and UTS values with increasing aging time, but even after 15 hours the proof strength values were not all above the specified minimum. Table 4 gives the details. On the other hand, heats made with standard practice, where the levels of individual alloying elements are maintained in the middle/upper half of the specified range, showed acceptable 0.2% PS and UTS values after 3.5 hours of aging and the values remained essentially constant until cumulative aging time of 15 hours, for which data are available. Figure 1 shows variation of 0.2% proof strength and ultimate tensile strength as a function of aging time on a comparative basis for the batch under study and heats made as per standard practice. It is to be emphasized that aging of the samples from the batch under study has been done under conditions identical to aging of samples from heats made as per standard practice. The difference in the aging behavior, as shown in Figure 1 , is hence indeed due to different response of the material from the batch under study to aging treatment. Microstructural examination was carried out on samples drawn from the bar material after aging. The microstructure comprised of aged martensite. The prior austenitic grain size was fine, 7 to 8 on ASTM scale. Similar grain size values were obtained on bars from heats processed as per standard practice. Inclusion rating was carried out in the unetched condition as per ASTM E45. The rating of thin oxides was 0.5; the ratings for the sulfide, silicate and alumina type inclusions were zero. Carbide / carbonitride particles were seen, but their content was well within acceptable limits. Similar inclusion ratings were obtained in heats made with recycling scrap forming only a minor part of the total charge weight.
Discussion
Even though it is a heat made of 100% scrap of maraging steel, this is not believed to be responsible for the observed failure in realizing the specified strength level. The higher percentage of scrap, if it made a difference, is expected to get reflected in the inclusion rating. However, the inclusion rating in the batch under study was found to be similar to the rating observed in heats made with recycling scrap forming only a minor part of the total charge weight. Further, experience has shown that inclusion rating affects more the percent elongation and percent reduction in area values and for the batch in question, measured values for these two attributes were comfortably above the respective minimum specified values.
It is to be noted that the 0.2% proof strength and ultimate tensile strength values as per AMS 6512 are considerably higher than those specified in other specifications covering this material. Table 5 brings out this comparison. What this means is that the bar material under discussion had to be produced to a relatively high strength level.
The observed grain size in fully heat treated condition was very fine -7 to 8 on ASTM scale. Figure 2 shows the typical microstructure in fully heat treated condition. Similar grain size was observed in heats made as per standard practice. Hence the Hall-Petch strengthening in the batch under study is the same as that in the heats made as per standard practice. In spite of this the measured strength in the batch under study is falling short of specification.
Nickel level in the batch studied (17.6 wt%) lies in the lower half (17 -18%) of the AMS 6512 specification. The M s and M f temperatures are influenced by the Ni level. Nickel level also influences the aging temperature / time at which austenite reversion sets in. The composition of the maraging steel is designed such that (i) martensitic transformation is complete well before the steel cools down to room temperature and (ii) austenite reversion does not occur with the time / temperature combinations normally employed for aging. The microstructure of the batch under study in the solution treated condition was found to contain <2% retained austenite. The microstructure even after aging for 15 hours at 485 o C had a volume fraction of austenite <2%. The design requirements are thus fully met even at this slightly lower level of Ni. The lower Ni level could possibly mean lower activity of Ni in Fe-Ni martensite, and a reduced driving force for Ni 3 (Ti,Mo) precipitation to occur, with the consequence of a lowered strength level obtained after a given aging temperature / time combination.
The range for molybdenum in the steel, as per AMS 6512 is 4.6 to 5.2. The range for Mo for equivalent grade supplied by Carpenter Steel (Carpenter NiMark Alloy 250) [3] , for example, is 4.7 to 5.0 wt%. The level of Mo in the batch under study corresponds to lower limit of the range. This again means a reduced driving force for Mo to precipitate out as Ni 3 (Ti,Mo); the consequence again would be attainment of a reduced strength level after aging for a given time / temperature combination.
The cobalt level in the steel under investigation (7.6 wt%) is in the lower half of the range specified by AMS 6512. This level appears to be somewhat lower than required. There is evidence that Co level in this grade is peg- ged at 7.8 to 8.0 wt% [4] [5] [6] . The role of Co on the lowering of solid solubility of Mo in Fe-Ni martensitic matrix has been well established [1, 7] . With Co present at a lower level, there will be, to that extent, a reduced effect of lowering of the solid solubility of Mo in martensite and correspondingly a reduced precipitation of Mo bearing age-hardening precipitate Ni 3 (Ti,Mo) after aging for a given time / temperature combination. Titanium level in the steel under study is 0.41 wt%. There is evidence that Ti in this grade is pegged at a level of 0.45 wt% [4, 5] . Values as high as 0.55 wt% Ti have been adopted by Boehler Edelstahl for their equivalent grade [6] . Titanium contributes importantly to strengthening by precipitating in the form of titanium bearing particles Ni 3 (Ti,Mo), leaving undetectable amount (< 0.1 wt%) of Ti in the matrix [7] . It is hence concluded that a somewhat higher level of Ti would have facilitated reaching the specified strength level. The level of aluminum (0.09%) is slightly below the middle of the specified range (0.1%). This is expected to have very small effect on the strength, considering that strengthening effect of Al is 5.6 -6.3 kg/sq·mm (55 -62 MPa) per 0.1 wt% [8] .
If the microstructure after aging contains considerable amount of austenite, this could lead to a relatively low level of yield strength, as austenite is a soft phase compared to aged martensite. In the present case, however, austenite is present in the aged microstructures at a level of < 2%. Hence this is not a causative factor for the steel not responding satisfactorily to the aging treatment.
Aging has been continued till 15 hours and tensile properties evaluated. There is a steady increase in the strength with aging time; however, even after aging for 15 hours, not all values of 0.2% proof strength met the specification. Further it is necessary in industrial practice to have a steel composition which will respond to the aging treatment and lead to attainment of specified mechanical properties in a relatively short time, say 3 to 6 hours, from the productivity point of view.
It thus becomes clear that adhering to AMS 6512 with respect to chemical composition, by itself, is not sufficient to meet the specification with respect to mechanical properties. As mentioned in the results section, heats made with the standard practice, where the levels of individual alloying elements are maintained in the middle / upper half of the specified range showed acceptable 0.2% PS and UTS values after 3.5 hours of aging. The solution to consistently producing the material with total conformity to AMS 6512 hence lies in producing the melts with levels of Ni, Co, Mo and Ti in the middle or even in the upper half of the range specified in the AMS.
Conclusions
1) Maintaining the levels of alloying elements within the range specified in AMS 6512 for 18 wt% nickel maraging steel is not sufficient to realize the strength levels specified in the same Standard.
2) It is believed that the relatively low levels of Ni, Mo and Ti within the specified range, tried out for reducing the cost of production, lead to a relatively low volume fraction of Ni 3 (Ti,Mo); this causes lower than the required precipitation strengthening effect.
3) The relatively low level of Co tried out appears to be resulting in a less decrease in solid solubility of Mo in the martensitic matrix, thereby leading to reduced extent of precipitation of Mo and consequently reduced amount of precipitation strengthening.
4) The standard practice of melting, with particular emphasis to pegging the levels of Ni, Co, Mo and Ti in the middle or upper half of the range specified in AMS 6512, has to be adopted if material meeting this specification in all respects is to be produced.
